To determine the long-term association of hemoglobin levels and anemia with risk of dementia, and explore underlying substrates on brain MRI in the general population.
Low levels of hemoglobin are a major global health problem, affecting 1.6 billion people worldwide, 1 with prevalence of anemia ranging from around 10% after age 65 in Europe and the Americas 2,3 to up to 45% in African and Southeast Asian countries. 1 Low hemoglobin levels (or the equivalent measure of hematocrit) have been associated with various adverse health outcomes, including coronary heart disease, 4, 5 stroke, 5, 6 and mortality. 7, 8 Limited data, however, are available about the relation of hemoglobin with risk of dementia, and Alzheimer disease (AD) as its most common subtype. As the prevalence of dementia is expected to increase threefold over the next decades, with the largest increases predicted in the countries where the prevalence of anemia is highest, 9 it is crucial to acquire more insight in potential long-term effects of abnormal hemoglobin levels on brain health.
Of particular interest to AD is the binding capacity of hemoglobin to β-amyloid 42, a pathologic hallmark of AD, via the iron-containing heme site. 10, 11 Hemoglobin colocalizes with the plaques and vascular amyloid deposits in the brains of patients with AD, 11 and affinity of hemoglobin for binding amyloid might influence risk of developing AD. 10 Three prospective cohort studies have thus far investigated hemoglobin levels in relation to incident dementia in the general population. [12] [13] [14] Each found an increased risk of dementia with anemia, but with the average follow-up limited to 3 years in 2 out of 3 studies, 12, 13 reverse causality due to (dietary or metabolic) changes in the prediagnostic phase of dementia could account for part of this association. In addition, only one study assessed the risk of dementia across the full range of hemoglobin, reporting an increase in risk of AD also with high hemoglobin levels, 13 in line with risks of cardiovascular disease. [4] [5] [6] These findings merit study of hemoglobin levels, rather than anemia alone, and dementia risk during long-term follow-up in the population. To advance insight in the yet elusive underlying pathways, concurrent brain imaging could complement these studies towards better understanding of a physiologic contribution of hemoglobin to brain health.
We therefore determined the association between hemoglobin levels and risk of dementia in a population-based cohort, and explored potential substrates by studying imaging markers of vascular brain disease, structural connectivity, and cerebral perfusion.
Methods
This study yields data from the Rotterdam Study. Details of this ongoing population-based cohort study in the Netherlands have been described previously. 15 In brief, the study was initiated in 1990 with a study population of 7,983 participants aged ≥55 years, who were living in the Ommoord suburb of Rotterdam. The cohort was subsequently expanded twice, first in 1999 including an additional 3,011 individuals who had reached the eligible age or had moved into the study area, and again in 2005 with 3,932 individuals from the same area aged 45 or over. Participants partake in extensive interviews and examinations at a dedicated research facility every 4 years. For the present study, the baseline examination was the first examination of the original cohort and expansion cohorts (1990-1993, 1999-2001, and 2005-2008, respectively) . Of the total number of 14,926 participants, 13,498 (90.4%) visited the research center for physical examination. We excluded 396 participants because of prevalent dementia, 73 participants because of insufficient cognitive screening to assess dementia at baseline, and 98 participants who did not provide informed consent for follow-up data monitoring, leaving 13,029 (87.3%) participants eligible for this study. From August 2005 onwards, brain MRI was incorporated in the core study protocol, and until 2014, 5,319 of eligible participants underwent MRI.
Standard protocol approvals, registrations, and patient consents
The Rotterdam Study has been approved by the medical ethics committee according to the Population Study Act Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of the Netherlands. Written informed consent was obtained from all participants.
Measurement of hemoglobin and definition of anemia
We collected nonfasting venous blood samples at baseline in EDTA tubes, and hemoglobin concentrations were measured using a colorimetric method at a wavelength of 525 nm (Counter T660, Beckman Coulter, Brea, CA). Fasting blood samples at time of brain MRI were analyzed with a novel Coulter AcT diff2 Hematology Analyzer from the same producer. In accordance with WHO criteria, anemia was defined as having hemoglobin levels <8.1 mmol/L (13 g/dL) for men and <7.5 mmol/L (12 g/dL) for women. 16 We further differentiated microcytic (mean corpuscular volume <80 fL) from normocytic (80-95 fL) and macrocytic anemia (>95 fL in primary and >100 fL in sensitivity analysis, respectively). 17 Dementia screening and surveillance At each center visit, participants took the Mini-Mental State Examination (MMSE) and the Geriatric Mental Schedule (GMS) organic level for dementia screening, 18 with further Glossary AD = Alzheimer disease; CI = confidence interval; DSM-III-R = Diagnostic and Statistical Manual of Mental Disorders, 3rd edition, revised; FA = fractional anisotropy; GMS = Geriatric Mental Schedule; HDL = high-density lipoprotein; HR = hazard ratio; MD = mean diffusivity; MMSE = Mini-Mental State Examination; WMH = white matter hyperintensity. assessment and informant interview for those with MMSE <26 or GMS >0. In addition, computerized linkage of the study database with medical records from general practitioners and the regional institute for outpatient mental health care allowed continuous surveillance of the entire cohort for incident dementia. Clinical neuroimaging data were used to determine dementia subtype. All cases suspect for dementia were reviewed by a consensus panel, including a consultant neurologist, which applied standard criteria for dementia (DSM-III-R) and AD (National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association) to come to a final diagnosis. Follow-up until January 1, 2016, was near complete (96.1% of potential person-years), and participants were censored within this follow-up period at date of dementia diagnosis, date of death, date of loss to follow-up, or January 1, 2016, whichever came first.
MRI protocol and image processing MRI of the brain was performed on a 1.5T scanner (General Electric Healthcare, Milwaukee, WI) using an 8-channel head coil. Imaging acquisition included a high-resolution axial T1-weighted sequence, a fluid-attenuated inversion recovery sequence, a proton density-weighted sequence, and a T2*weighted gradient echo sequence. Details about the sequences, preprocessing, and the classification algorithm have been described previously. 19 Total intracranial and parenchymal volumes and volume of white matter hyperintensities (WMHs) were quantified via automated tissue segmentation. 18 All segmentation results were visually inspected and manually corrected if needed. All scans were appraised by trained research physicians for the presence of cerebral microbleeds (i.e., small round to ovoid hypointense areas on T2*-weighted images), lacunar infarcts (i.e., focal lesions ≥3 and <15 mm), and cortical infarcts. These ratings were done blinded to clinical data.
From March 2006 onwards, a diffusion-weighted imaging sequence was incorporated in the scan protocol, 20 with the maximum b value of 1,000 s/mm 2 in 25 noncollinear directions and 3 volumes without diffusion weighting (b value = 0 s/mm 2 ). A standardized pipeline for preprocessing of the diffusion data started with eddy current and head motion correction on the acquired data, followed by the fitting of diffusion tensors to compute mean fractional anisotropy (FA) and mean diffusivity (MD) in the normal-appearing white matter. Lower FA and higher MD values are generally considered indicative of worse structural connectivity.
For the measurement of cerebral blood flow, 2D phasecontrast imaging was performed as described previously. 21 On a sagittal 2D phase-contrast angiographic scout image, we selected a transverse imaging plane perpendicular to the precavernous segment of the internal carotid arteries and the middle segment of the basilar artery. We then acquired a 2D gradient-echo phase-contrast sequence (repetition time = 20 ms, echo time = 4 ms, field of view = 19 cm 2 , matrix = 256 × 160, flip angle = 8°, number of excitations = 8, bandwidth = 22.73 kHz, velocity encoding = 120 cm/s, slice thickness = 5 mm), with an acquisition time of 51 seconds, without performing cardiac gating. We then used interactive data language-based custom software (Cinetool version 4; General Electric Healthcare) to calculate flow from the phase-contrast images. Two technicians manually drew the regions of interest for the flow measurements (interrater correlations >0.94). 21 We calculated global brain perfusion (mL/min/100 mL) by dividing total cerebral blood flow by each individual's brain volume.
Other measurements
We assessed smoking status (i.e., current, former, never), educational attainment (i.e., primary, lower, further, and higher, corresponding to roughly 7, 10, 13, and 19 years of education, respectively), and medication use at baseline by interview. Dietary intake was assessed by a self-administered checklist, followed by a structured food frequency questionnaire interview with a dietician. 22 Serum total cholesterol and high-density lipoprotein (HDL) cholesterol were measured by an automated enzymatic procedure in nonfasting blood samples. Blood pressure was measured with a random-zero sphygmomanometer. Body mass index was derived from measurements of weight and height (kg/m 2 ). The definition of diabetes included a random serum glucose level ≥11.1 mmol/L or the use of blood glucose-lowering medication at baseline. 23 Glomerular filtration rates were estimated from age-and sex-calibrated serum creatinine levels (CKD-Epi). Heart failure was determined using a validated score, similar to the European Society of Cardiology's definition. 24 History of stroke, cancer, and chronic obstructive pulmonary disease were assessed by interview and inspection of medical records. APOE genotype was determined using PCR on coded DNA samples in the baseline cohort, and with a biallelic TaqMan assay (rs7412 and rs429358; Applied Biosystems, Foster City, CA) in the 2 expansion cohorts of the Rotterdam Study.
Analysis
Analyses included all participants without dementia attending the study center for baseline examination. Missing covariate data (percentages displayed in the footnote of table 1) were imputed using 5-fold multiple imputation using an iterative Markov chain Monte Carlo method, based on determinant, outcome, and included covariates. Distribution of covariates was similar in the imputed vs the nonimputed dataset.
We assessed the overall prevalence of anemia and then determined the association between hemoglobin levels and incident dementia using Cox proportional hazard models. In anticipation of a nonlinear association, we formally assessed deviation from linearity using analysis of variance, and proceeded with analyses per quintile of hemoglobin. We performed time-stratified analysis to verify the proportional hazard assumption. All analyses were adjusted for age and sex (model I), and additionally for educational attainment, smoking habits, alcohol consumption, systolic and diastolic blood pressure, antihypertensive medication, body mass index, total cholesterol, HDL cholesterol, lipid-lowering medication, diabetes, renal function, dietary intake, iron intake, vitamin supplements, antianemic medication, hormone replacement therapy, and APOE genotype (model II). We repeated the analyses for AD only after censoring at time of stroke and after excluding individuals with potential secondary causes of erythrocytosis (hemoglobin >1.5 SDs above the mean, and any of the following: chronic obstructive pulmonary disease, heart failure, kidney dysfunction [eGFR < 60], carcinoma, or use of relevant medication including erythropoietin and diuretics; n = 340). To address potential reverse causality, we also repeated the analyses after stepwise exclusion of the first 5 years of follow-up. An estimation of the minimum strength of unmeasured confounding needed to explain away the observed risk estimate for anemia on dementia was expressed as the E-value (evalue.hmdc.harvard.edu/app/). 25 This fairly straightforward computation using point estimate and confidence intervals (CIs) provides an indication of the magnitude of confounding required to change the conclusions on the basis of the presented results.
We then determined the association of hemoglobin levels with volume of WMHs, structural connectivity (MD and FA), cerebral microbleeds, presence of lacunar and cortical infarcts, and cerebral perfusion in the subset of participants without dementia who underwent brain MRI. Nonlinear associations were assessed with cubic splines. Linear and logistic regression models were adjusted for age, sex, total intracranial volume, educational attainment, smoking habits, alcohol consumption, systolic and diastolic blood pressure, antihypertensive medication, body mass index, total cholesterol, HDL cholesterol, lipid-lowering medication, diabetes mellitus, vitamin supplements, antianemic medication, and APOE genotype. Analyses of structural connectivity were additionally adjusted for total white matter and volume of WMHs. Finally, because of previously reported interactions with cerebral perfusion, 25 we investigated interaction of hemoglobin levels with mean arterial blood pressure and volume of WMHs by testing for multiplicative interaction between continuous variables. Due to restrictions in resources, renal function, dietary intake, iron intake, and C-reactive protein were assessed in fewer than half of participants at time of MRI. As adjustment for these variables did not change the association between hemoglobin and dementia, we opted not to include these in the model for imaging markers, rather than imputing large data quantities.
All analyses were done using IBM SPSS Statistics version 21.0 (IBM, Armonk, NY), except for the restricted cubic splines models, which were run in R (version 3.3.3; packages "survival," "visreg," and "rms"). The α (type 1 error) was set at 0.05.
Data availability statement
Data can be obtained on request. Requests should be directed toward the management team of the Rotterdam Study (secretariat.epi@erasmusmc.nl), which has a protocol for approving data requests. Because of restrictions based on privacy regulations and informed consent of the participants, data cannot be made freely available in a public repository.
Results
Of 13,029 eligible participants, 12,308 (94.5%) provided blood samples for measurement of hemoglobin levels. Measurement failed in 3 (0.02%) participants, leaving 12,305 (94.4%) individuals for analysis. Baseline characteristics of participants are shown in table 1.
Overall, 745/12,305 (6.1%) participants had anemia. The prevalence of anemia steeply increased with age in men, from 1.4% below 50 years to 33.3% over age 90, whereas in women, prevalence was higher at premenopausal ages, yet somewhat lower than in men among the elderly (figure e-1, doi.org/ 10.5061/dryad.kp8c5j3). Of participants with anemia, 104 had microcytic and 68 had macrocytic anemia. Hemoglobin levels at baseline showed a quadratic association with risk of dementia (p value for nonlinearity = 0.005; figure e-2, doi.org/10.5061/dryad.kp8c5j3), such that risk was increased with both low and high hemoglobin, compared to mid-range levels (table 2) . Compared to no anemia, the presence of anemia was associated with a 34% increase in the risk of all-cause dementia, and 41% increase for AD, with risk estimates highest for macrocytic anemia, followed by microcytic and normocytic anemia, respectively (table 2) . The risk estimate for macrocytic anemia >100 fL exceeded that for >95 fL, with a hazard ratio (HR) of 3.1 (1.5-6.6). Effect estimates were similar upon exclusion of the first 5 years of follow-up ( Quantifying the potential residual confounding required to explain away the observed association between anemia and dementia, an unmeasured confounder would need to be associated with both anemia and dementia by a risk ratio of 2.0 each, above and beyond the measured confounders. For the lower confidence limit to include the null (i.e., a HR of 1.0), this number is 1.5.
Of 5,319 participants of the original cohort who underwent brain MRI, 5,281 concurrently had hemoglobin levels measured. Fourteen participants who had dementia at time of MRI were excluded. Compared to the cohort at baseline, individuals who underwent imaging were on average more highly educated, and more often used lipid-lowering medication, but had similar hemoglobin levels ( (table 3) .
Finally, hemoglobin levels were linearly associated with cerebral perfusion (figure 2), such that 1 mmol/L increase in hemoglobin was associated with 3.2 mL/100 mL/min lower cerebral perfusion (95% CI 2.8-3.6, p < 0.0001). This association was most profound in individuals with larger volume of WMHs (figure 2; p value for interaction = 0.002), with effect estimates increasing from 2.5 (1.7-3.2) mL/100 mL/min in the lowest tertile to 4.0 (3.3-4.6) mL/100 mL/min in the highest tertile of WMHs. Blood pressure levels did not modify the association between hemoglobin and cerebral perfusion (for mean arterial pressure: p = 0.71).
Discussion
In this large population-based study, we found that both low and high levels of hemoglobin are associated with an increase in the long-term risk of dementia, including AD. Anemia relates to a 34% increase in dementia risk, and 41% for AD. Brain imaging findings suggest that white matter structural connectivity, cerebral perfusion, and potentially microbleeds may act as pathophysiologic substrates in these associations, warranting longitudinal (interventional) imaging studies to investigate their role as potential mediators. Abbreviations: CI = confidence interval; HR = hazard ratio. Model I: adjusted for study cohort, age, and sex. Model II: model I with additional adjustment for educational attainment, smoking habits, alcohol consumption, systolic and diastolic blood pressure, antihypertensive medication, diabetes, serum cholesterol and high-density lipoprotein, lipid-lowering medication, renal function, C-reactive protein, dietary intake including iron, vitamin supplements, antianemic medication, hormone replacement therapy, and APOE genotype. a For men: Hb <8.06 mmol/L (13.0 g/dL); and for women: Hb <7.45 mmol/L (12.0 g/dL). b Mean corpuscular volume within the normal range (80-95 fL) for normocytic, <80 fL for microcytic, and >95 fL for macrocytic anemia.
The prevalence of anemia in our study of 6%, and its steep increase with age to roughly 30% in the very elderly, is similar to what has been reported in other European and North American populations. 3, 7, 8, [12] [13] [14] The worldwide prevalence of anemia, however, is much higher, and the regions most affected mirror those with the steepest increases in the incidence of noncommunicable diseases including dementia. 1, 9 In line with 3 prior reports, [12] [13] [14] we show that this-if causal-may have implications for the burden of dementia, as long-term associations with anemia extend to the low-normal range of hemoglobin. The central question that remains, of course, is to which extent hemoglobin levels are directly accountable for this increased risk (e.g., by reduced tissue oxygenation), or whether the associations can be explained by underlying or concomitant vascular or metabolic changes, notably involving iron, and vitamins B 9 (folate) and B 12 . [26] [27] [28] Anemia can coincide with a wide range of (chronic) conditions, some of which are very rare in the community (e.g., myelodysplastic syndrome, thalassemia), while others (e.g., iron deficiency and inflammation) are common, and could contribute to cognitive decline via pathways unrelated to hemoglobin. We controlled for various such (sub)clinical disease measures in our analyses, including C-reactive protein, and calculated that substantial confounding by other variables would be required to explain away the associations. Nevertheless, potential pathways, also including unmeasured factors like iron, warrant consideration.
As for direct effects, reduced oxygenation can lead to hypoxia and subsequent inflammation with deleterious effects on neurons. The tight correlation of hemoglobin to cerebral blood flow that we found supports the notion of a compensatory mechanism that maintains cerebral oxygen delivery, 29 and may be crucial in case of impaired oxygen extraction and failing autoregulatory mechanisms with cerebral small vessel disease. 30, 31 Iron chelators are thought to maintain levels of hypoxia inducible factor 1-α in the nerve, potentially linking hemoglobin to poor oxygenation and AD. 32 When oxygenation falls below the threshold for ischemia, anemia might even lead to ischemic stroke. 5, 33 Yet clinical stroke did not account for associations in our study, and the absence of an association between low hemoglobin and infarcts on brain MRI, in line with another imaging study, 34 suggests that more subtle, chronic processes are involved in cognitive decline. This is illustrated by the increased burden of WMHs and reduced structural connectivity with low and high hemoglobin levels, mirroring the observed dementia risk increase. Although diffusion imaging is unable to differentiate between axonal loss and demyelination, these findings may point to lower or upper range disturbance of iron homeostasis. Iron is vital for various cellular processes in the brain, including neurotransmitter synthesis, mitochondrial function, and myelination of neurons. 35 Further study assessing plasma and brain iron (e.g., on contemporary T2* echo gradient MRI), but also transferrin and folate, 36 in relation to dementia and biomarkers of AD 28,37 may therefore unravel these associations further.
In addition to the lower range, we found that high hemoglobin levels were also associated with an increased risk of dementia, extending short-term observations in a prior study to long- term risk in the community. 13 Although studies often focus on anemia and the lower range of hemoglobin levels, high hemoglobin may be deleterious, or reflect deleterious circumstances, in several ways. First, lysis of erythrocytes could cause elevated measurements in the presence of functional anemia and excess of free iron. Second, erythrocytosis occurs secondary to systemic reductions in blood oxygenation, often due to smoking, heart failure, chronic obstructive pulmonary disease, or chronic kidney disease. 38 These are all risk factors for dementia, yet excluding participants with common causes of erythrocytosis from our analysis did not attenuate the risk estimates for high hemoglobin. Third, higher blood viscosity could predispose to ischemia, as typically seen in patients with polycythemia vera. 39 Elevated hematocrit values have been observed in patients with TIA and stroke 40 and covert brain infarcts, 41 and although we found no association of high hemoglobin with infarcts on MRI, the previously reported U-shaped associations of hematocrit with risk of dementia, as well as coronary heart disease and ischemic stroke during long-term follow-up, corroborate the potential relevance of deviations on both sides from the normal range. 5 Further studies are needed to determine whether these findings are for instance attributable to high viscosity, reductions in tissue oxygenation with very high levels of haematocrit, 42 or the higher hematocrit levels in individuals with microangiopathy. 43, 44 Several limitations to our study need to be taken into account. First, despite robustness of the reported associations to adjustment for a wide range of potential confounders, including (sub)clinical measures of chronic disease, residual confounding may hamper causal inference. In particular, we did not measure (transport of) iron and B vitamins, and variations in their levels and metabolism may contribute to neurodegeneration. However, as demonstrated by the E-value of 2.0, such confounding would need to have strong associations with both determinant and outcome. Second, the subset of our population undergoing MRI was more highly educated and more often used lipid-lowering medication than the cohort at baseline, although with similar hemoglobin levels in Table 3 Hemoglobin and anemia in relation to focal imaging markers of vascular brain disease Model adjusted for age, sex, total intracranial volume, educational attainment, smoking habits, alcohol consumption, systolic and diastolic blood pressure, antihypertensive medication, diabetes, serum cholesterol and high-density lipoprotein, lipid-lowering medication, vitamin supplements, antianemic medication, APOE genotype, and interval between blood sampling and MRI. Values are odds ratio (95% confidence interval). a For men: Hb <8.06 mmol/L (13.0 g/dL); and for women: Hb <7.45 mmol/L (12.0 g/dL).
Figure 2 Hemoglobin and cerebral perfusion
Cerebral perfusion per quintile of hemoglobin (A), and continuously, stratified by severity of white matter hyperintensities (WMHs) on MRI (B; the dashed lines represent the 95% confidence limits). CI = confidence interval.
both groups this most likely will not have led to bias in the relative risks. Third, our Dutch population is predominantly of European descent, and further study is needed to confirm that these findings indeed apply to other ethnicities and geographic regions. For example, mutations at the α-thalassemia gene, which are common in African descent, and varying prevalence of malaria and sickle cells might contribute to (complications of) anemia differently from what we observe in our population. 45 Both low and high levels of hemoglobin are associated with an increased long-term risk of dementia among the general population. Given the potential implications for the burden of dementia globally, studies are needed to identify biological substrates, potentially focusing around disturbances in structural brain connectivity and cerebral blood flow regulation.
